Oligodendrocytes myelinate neuronal axons to increase conduction velocity in the vertebrate central nervous system (CNS). Recent studies revealed that myelin formed on highly active axons is more stable compared to activity-silenced axons, and length of the myelin sheath is longer in active axons as well in the zebrafish larva. However, it is unclear whether oligodendrocytes preferentially myelinate active axons compared to sensory input-deprived axons in the adult mammalian CNS. It is also unknown if a single oligodendrocyte forms both longer myelin sheaths on active axons and shorter sheaths on input-deprived axons after long-term sensory deprivation. To address these questions, we applied simultaneous labeling of both neuronal axons and oligodendrocytes to mouse models of long-term monocular eyelid suturing and unilateral whisker removal. We found that individual oligodendrocytes evenly myelinated normal and input-deprived axons in the adult mouse CNS, and myelin sheath length on normal axons and input-deprived axons formed by a single oligodendrocyte were comparable. Importantly, the average length of the myelin sheath formed by individual oligodendrocytes did change depending on relative abundance of normal against sensory-input deprived axons, indicating an abundance of deprived axons near an oligodendrocyte impacts on myelination program by a single oligodendrocyte.
| INTRODUCTION
Oligodendrocytes myelinate neuronal axons, which increases conduction velocity around 20-100-fold greater than that of unmyelinated axons (Nave & Werner, 2014; Tasaki, 1939) . Recently, oligodendrocytes were shown to modulate conduction velocity in an axonal activity-dependent manner even after developmental myelination is complete (Gibson et al., 2014) . This axonal activity also promotes the proliferation and differentiation of oligodendrocyte precursor cells, and these are required for learning motor skill (Gibson et al., 2014; McKenzie et al., 2014; Xiao et al., 2016) . Combined, these findings suggest that neuronal activity and subsequent myelination are required for executing higher brain function. Mammalian sensory systems constantly receive sensory inputs, and sensory input-driven neuronal activity is carried through neuronal axons. It is known that the myelination process is disrupted by sensory deprivation (Barrera et al., 2013; Etxeberria et al., 2016; Gyllensten & Malmfors, 1963) . The number of myelinated axons is decreased by monocular deprivation (MD) or whisker ablation (Barrera et al., 2013; Etxeberria et al., 2016) , suggesting that oligodendrocytes preferentially myelinate active axons. Since more than 50% of myelinating oligodendrocytes can undergo apoptosis (Barres et al., 1992) followed by myelin remodeling during development, it is also conceivable that selective cell death of the oligodendrocytes that myelinate sensory input-deprived axons is a leading cause of the decreased myelin on inactive axons.
There are three basic steps for complete myelination: (a) premyelinating oligodendrocytes select axons to myelinate; (b) some newly formed myelin sheaths are retracted and others form stable myelin sheaths; (c) some oligodendrocytes degenerate during the developmental period. Recent studies that utilized the transparent body of larval zebrafish showed that maintenance of myelin sheath is regulated in an activity dependent manner (Hines, Ravanelli, Schwindt, Scott, & Appel, 2015; Koudelka et al., 2016; Mensch et al., 2015) .
However, since these previous zebrafish analyses were conducted during a restricted developmental period because tracers were visible only through the transparent larval body, and the use of a neuronal activity inhibitor (e.g., tetanus toxin), it is important to analyze the effects of long-term sensory deprivation in the adult mammalian brain after the developmental myelination is completed. In addition, in most of the previous studies, myelination by oligodendrocytes has been observed in regions occupied primarily by either active or inactive axons. Since active and inactive axons are intermingled in the white matter of central nervous system (CNS), it is important to elucidate whether individual oligodendrocytes change their myelination program in response to the activity of axons in regions where active and inactive axons are intermingled. To address these issues, we applied simultaneous labeling of oligodendrocytes and neuronal axons to a MD mouse model and successfully visualized myelination toward axons derived from normal eyes and those derived from sensory input-deprived eyes in the optic chiasm.
We examined whether single oligodendrocytes preferentially myelinate normal axons over MD axons in the mouse optic chiasm where these two types of axons are intermingled. We found that individual oligodendrocytes evenly myelinate axons derived from the sutured eye and the normal eye.
A recent report demonstrated that MD shortens myelin length in the mouse optic nerve, which results in slow conduction velocity (Etxeberria et al., 2016) . However, it remained unclear whether individual myelin sheath length is affected by an individual axon's sensory inputs, or whether a single oligodendrocyte forms myelin of uniform length both on normal and deprived axons. These questions were also addressed using our method and results showed that the length of myelin sheaths formed by a single oligodendrocyte did not vary depending on individual axonal sensory inputs; however, myelin sheath length was shortened when oligodendrocytes were present in the region where sensory input-deprived axon were abundant. Our data suggest that myelin length is determined by local environment in which either active or inactive axons are enriched, and not by the activity of individual axons.
| MATERIALS AND METHODS

| Animals
Female 3-week-old C57BL6 mice (for whisker removal experiment) and postnatal day 10 (P10) C57BL6 mouse pups (female and male; for eyelid suture experiment) were purchased from SLC and maintained in animal facilities at the National Institute for Physiological Sciences.
All animal procedures were approved by the Institutional Animal Care and Use Committee of the National Institutes of Natural Sciences and conducted in accordance with institutional guidelines.
| Recombinant viral vectors
AAV (serotype 2) vectors containing genes for red fluorescent protein (DsRed2) or blue fluorescent protein (BFP), AAV-DsRed2 or AAV-BFP, were generated as previously described Watakabe et al., 2015) . We used 1 μL of each AAV vector solution (1.0 × 10 9 viral genomes [vg] ) for labeling neurons. We also produced attenuated rabies virus GFP (SADG-Hep-ΔG-GFP)
as described previously (Mori & Morimoto, 2014) . RV-GFP was amplified in BHK cells expressing rabies virus glycoprotein (SADcvsG). The culture medium containing RV-GFP was collected and concentrated by centrifugation (15,000 g, 4 C, 16-24 hr). We used 5.0 × 10 3 infectious units (IU) per micro litter of RV-GFP solution to sparsely label neural cells.
| Viral injection
Mice were anaesthetized with a ketamine/xylazine cocktail (125 and 10 mg/kg, respectively, intraperitoneal injection) and head-fixed in a stereotaxic frame (Narishige). For AAV-mediated anterograde tracing, AAV-DsRed2 or AAV-BFP (1 μL) was stereotaxically injected into the vitreous humor of the eye or stereotaxically injected into the somatosensory cortex (1.0 mm posterior and 3.0 mm lateral to the bregma, at a depth of 0.3 mm) or as previously described .
For oligodendrocyte labeling by attenuated rabies virus, RV-GFP
(1 μL) was stereotaxically injected into the optic chiasm (0.2 mm posterior and 0.0 mm lateral to the bregma, at a depth of 5. 0-5.3 mm) or the corpus callosum (1.0 mm posterior and 0.5-0.8 mm lateral to the bregma, at a depth of 1.0 mm) Yamazaki, Ishibashi, Baba, & Yamaguchi, 2017) .
In the optic chiasm and corpus callosum, 2.8% (optic chiasm) and 0.6% (corpus callosum) of total axons adjacent to the oligodendrocytes were labeled by AAVs. The percentage of AAV-labeled axons was calculated from the average number of AAV-labeled axons adjacent to oligodendrocytes, which was divided by total number of axons adjacent to the oligodendrocyte. The total number of axons adjacent to oligodendrocytes was estimated from the previously published reports of axonal density in the optic nerve and corpus callosum determined by electron microscopic analyses (Baxi et al., 2015; Gyllensten, Malmfors, & Norrlin-Gretive, 1966 ).
| Eyelid suturing
Eyelids of P10 mice (males and females) were trimmed and sutured under anesthesia with 2% isoflurane as previously described (Gordon & Stryker, 1996) . Thirty-two days after suturing the eyelids, intravitreal AAV injection was performed under the ketamine/xylazine cocktail anesthesia by temporarily reopening the sutured eyelids and re-suturing them closed after the injection. RV-GFP was injected into the optic chiasm 42 days after suturing the eyelids. Mice were sacrificed 4 days after RV-GFP injection. Mice were P56 (8 weeks old) at the time of sacrifice; at this stage, about 80% of the retinal ganglion cell axons are myelinated (Baba et al., 1999) .
| Whisker cauterization
C57BL6 3-week-old (P21-27) female mice were anesthetized with the ketamine/xylazine cocktail prior to whisker cauterization and all whiskers from one side of the face of each mouse were cauterized using a soldering iron. AAV vectors were injected into the barrel cortex of each hemisphere of the mouse's brain 17 days after whisker cauterization. RV-GFP was injected into the corpus callosum 14 days after AAV vector injection and animals were sacrificed 4 days after RV-GFP injection.
| Histology
Mice were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (80 mg/kg, intraperitoneal injection) and perfused transcardially with 4% paraformaldehyde (PFA) in 0.1 M sodium phosphate buffer (pH 7.4). The brain or optic chiasm was collected from each mouse and post-fixed with 4% PFA for 1 hr at room temperature (for the optic chiasm) or overnight at 4 C (for the brain). The brains were embedded in 5% agarose before sectioning. A vibratome (Microslicer zero 1; DSK) was used for obtaining 100 μm-thick brain sections. Sections were post-fixed in 4% PFA for 15 min followed by washing in PBST (0.1% Triton-X100). The brain sections or whole optic chiasm were mounted and cover slipped using standard methods. For detecting cell type and cell number, post-fixed brains were cryoprotected overnight in 20% sucrose in PBS. The brains were embedded in OCT compound (Sakura Finetek), and cut into 20 μm slices using a cryostat (CM3050; Leica) for immunohistochemistry.
Immunostaining with CC1 antibody (OP80; Oncogene) was performed as described previously .
| Quantification of myelination and analysis of myelination ratios
Quantification of the degree of myelination was performed according to a previously described protocol with minor modifications . Briefly, we used 100 μm coronal brain sections or whole optic chiasms from mice injected with the viral vectors for analyzing axon-oligodendrocyte interactions. We defined "myelinated axons" as AAV-labeled axons which were merged with RV-GFP + oligodendrocyte processes along the length of the myelin segment (more than 20 μm), as determined by Z-series confocal images. Some images were processed for analysis using Photoshop CC 2017 (Adobe Systems). Representative Z-series confocal images were reconstructed as a volume-rendered image using a previously described method (Kimori, 2011; Osanai et al., 2017) .
To evaluate myelination by individual oligodendrocytes toward either intact axons or sensory input-deprived axons, we defined Histogram analysis of the extent of myelination toward intact axons and sensory input-deprived axons was performed as previously described . Briefly, we plotted the individual oligodendrocyte myelination ratio of intact axons and sensory input-deprived axons. The plotted graph region was divided into nine-wedge-shape areas. Oligodendrocytes in areas 1 or 9 indicates that they predominantly (more than fivefold greater than the other) myelinate intact axons or sensory inputdeprived axons, respectively. Oligodendrocytes graphed in area 5 indicate that they evenly myelinate both intact and deprived axons. Oligodendrocytes in areas 2-4 or 6-8 showed low preference for myelination of axons derived from intact axons or sensory input-deprived axons, respectively. Histograms were made by counting the number of oligodendrocytes in each graphed area (areas 1-9).
| Statistics
Statistical analyses were performed using SPSS 19 software (IBM), Prism 7 (GraphPad Software) and Microsoft Excel statistical functions. One-way ANOVA followed by Tukey post hoc tests were used for multiple comparisons. If applicable, we used an unpaired two-tailed Student's test for comparison between two groups.
Length of the myelin internode, diameter of fibers and axons were measured using NIS-element software (Nikon) or Fiji (Schindelin et al., 2012) . The average myelin internode length of an individual oligodendrocyte was calculated from the average of >3 randomly selected myelin internodes. The numbers of cells and myelin internodes were counted at least twice per sample, with similar results.
The level of significance was set at p < .05. Error bars indicate SEM in all figures. All data are described as the average AESEM.
3 | RESULTS
| Individual oligodendrocytes equally ensheath axons derived from either normal or monocularly deprived eyes
Retinal ganglion cell (RGC) axons pass through the optic nerve, the optic chiasm and the optic tract, and project into the lateral geniculate nucleus in the thalamus. In the optic chiasm, axons derived from the right and left eyes are intermingled, and oligodendrocytes myelinate both of them. To examine whether individual oligodendrocytes preferentially myelinate axons from an intact eye (referred to hereafter as intact axons) over those from a visual stimulus-deprived eye (referred to hereafter as deprived axons), we used a long-term monocular deprivation (MD) mouse model (eyelid closure from P10 to P56) and a previously established method for labeling axons from each eye and associated oligodendrocytes ) (suture P10, AAV injection P42, RV-GFP injection P52, sacrifice P56, Figure 1a ). Neuronal axons from intact or MD eyes were labeled by AAV-DsRed or AAV-BFP, respectively, and oligodendrocytes were sparsely labeled by RV-GFP (Figure 1b ; Supporting information Figure S1A ). To evaluate the pattern of myelination on intact axons and deprived axons, we calculated the "myelination ratio." Briefly, the myelination ratio is percentage of AAV-labeled axons myelinated by a RV-GFP-labeled single oligodendrocyte. To calculate myelination ratios, the number of AAV-labeled intact axons or deprived axons that were myelinated by a single RV-GFP-labeled oligodendrocyte was divided by the total number of AAV-labeled intact or deprived axons adjacent to the oligodendrocyte, respectively  see Materials and Methods). We plotted individual oligodendrocyte myelination ratios toward axons from intact and deprived eyes, and the plotted region was divided into nine wedge-shaped areas as described previously. In the graph, the X-axis indicates the myelination ratio of intact axons, and the Y-axis indicates that of deprived axons. Dots in area 1 or area 9 indicate that these oligodendrocytes dominantly myelinated intact or deprived axons, respectively ( Figure 1c) . Unexpectedly, we found that the number of oligodendrocytes dominantly myelinating deprived axons (oligodendrocytes in area 9) was higher than the number myelinating intact axons (oligodendrocytes in area 1) (Figure 1c,d ). We performed a bootstrap-based significance test to compute whether oligodendrocytes preferentially myelinate intact axons or deprived axons (Davison & Hinkley, 1997; Osanai et al., 2017) . As a result, oligodendrocytes do not preferentially myelinate either type of axons (p = .434). We also found that the average myelination ratio was comparable between axons from intact eyes and MD eyes (10.3 AE1.4 vs. 10.4 AE1.3; p = .94, total of 36 oligodendrocytes analyzed using data obtained from seven mice, Figure 1e ). The distribution of oligodendrocytes that dominantly myelinated intact axons or deprived axons, and that evenly myelinated both types of axons is represented schematically in Supporting Information Figure S1B . Oligodendrocytes that dominantly myelinated a particular set of axons, and evenly myelinated both types of axons were close to each other, suggesting that the position of oligodendrocytes does not significantly impact on myelination toward particular set of axons (Supporting Information Figure S1B ). These results indicate that oligodendrocytes do not preferentially myelinate intact axons versus deprived axons. Thus, they do not seem to recognize sensory input from the axon in the 8-week-old mouse optic chiasm, a time when developmental ablation of excess oligodendrocytes has already been completed.
| Myelin internode length in the optic chiasm is shortened by monocular visual deprivation
A recent report indicated that myelin sheath length in the optic nerve of young mice (P19-P32) is shortened by monocular eyelid suturing intermingled. We measured myelin sheath length in the MD mouse optic chiasm using Z-series confocal images (Figure 2a,b) . Representative Z-series confocal images were reconstructed as a single volumerendered image using a previously described image processing method (Kimori, 2011; Osanai et al., 2017) , from which the length of the myelin sheath on AAV labeled-axons can be clearly shown (Figure 2c,d) .
We compared myelin sheath length formed on intact or deprived axons regardless of the oligodendrocyte location within the optic chiasm. We found that the length of the myelin sheath on deprived axons was significantly shorter than on intact axons (intact axons:
146.9 AE8.3 μm, deprived axons: 94.5 AE7.7 μm; p = .000022, n = 31 intact axons, 46 deprived axons, a total of 77 axons were analyzed using data obtained from six mice, Figure 2e ,f ). Therefore, we confirmed that myelin sheath length is shorter in MD adult mouse optic chiasm.
These results (Figure 2) To analyze whether the morphology of myelin/oligodendrocyte is affected by the sensory inputs of surrounding axons, we compared fiber diameter (myelin sheath + axonal diameter) in intact regions, comparable regions and deprived regions. Although there was no statistically significant difference, fiber diameter of axons myelinated by RV-GFP+ oligodendrocytes (axonal diameter + myelin sheath) in intact regions tended to be larger compared to other regions (intact: 2.21 AE0.13 μm, comparable: 2.07 AE0.17 μm, deprived: 1.76 AE0.12 μm; p = .10, n = 37 (intact), 44 (comparable), 36 (deprived) fibers, total of 117 fibers analyzed using data from six mice, Figure 4c ). We also found that the number of myelin sheaths per oligodendrocyte tended to be lower for oligodendrocytes in regions enriched with intact axons, although the difference was not statistically significant (intact: 16.4 AE2.4, comparable: 22.5 AE1.8, deprived: 21.0 AE1.5; p = .14, n = 9 (intact), 24 (comparable), 13 (deprived) oligodendrocytes were analyzed using data from six mice, Figure 4d ). These data suggest that the abundance of intact axons or deprived axons has an impact on oligodendrocyte/myelin morphology.
Next, we compared the number of myelin sheaths and the length 3.3 | Oligodendrocytes in the mouse corpus callosum evenly myelinate axons derived from intact and sensory input-deprived somatosensory cortices
In the adult mouse optic chiasm, almost all neuronal axons are myelinated, while in the corpus callosum, over 50% of neuronal axons are unmyelinated (Gyllensten & Malmfors, 1963; Sturrock, 1980) . were analyzed using data obtained from seven mice, Figure 5e ).
The average number of myelin sheaths elaborated by individual oligodendrocytes was comparable between these three groups 
| DISCUSSION
In this study, we found that oligodendrocytes do not preferentially myelinate normal axons compared to deprived axons, while oligodendrocytes within regions enriched with intact axons form longer myelin sheaths than in regions enriched with deprived axons in the adult mouse white matter. We also showed that a single oligodendrocyte forms myelin sheaths of similar length on both intact and deprived axons.
During development, there are three steps for complete myelination. First, premyelinating oligodendrocytes form many processes and seek axons to myelinate. Second, some premyelinating processes are retracted from the axons, while others form stable myelin (Czopka, Ffrench-Constant, & Lyons, 2013) . Third, some oligodendrocytes degenerate during the period of development (Barres et al., 1992; Trapp, Nishiyama, Cheng, & Macklin, 1997) and the remaining myelin elongates (remodeling). In our study, we successfully observed the full formation of myelin sheaths generated by individual oligodendrocytes after remodeling. In zebrafish studies, the application of tetanus toxin or tetrodotoxin to inhibit neuronal activity was used to reveal that myelin sheaths are more stable and longer on active axons compared with activity-silenced axons during early developmental stages ( Hines et al., 2015; Koudelka et al., 2016; Mensch et al., 2015) . However, it is unclear whether the changes of myelination at early devel- A study using in vitro oligodendrocyte culture prepared from the mouse spinal cord and cortex indicates that the length and number of myelin sheaths produced by individual oligodendrocytes are intrinsically determined independent of axon-derived molecules, suggesting that neuronal activity impacts on myelination following the initial sheath formation (Bechler et al., 2015 (Bechler et al., , 2018 Wilson, & Attwell, 2018) . Together with the previous reports and our data, it is possible that elongation of myelin sheath is inhibited in regions enriched with deprived axons even in the adult mouse CNS.
Similar to oligodendrocytes in the optic chiasm of MD mice, oligodendrocytes in the corpus callosum also changed their morphology in response to whisker cauterization (Figure 5e ), suggesting that morphological changes in oligodendrocytes resulting from sensory deprivation is a common characteristic throughout the CNS of mice.
It has been shown that the number of mature oligodendrocytes decreases in the sensory barrel cortex of whisker-removed P10-12 mouse pups (Hill, Patel, Goncalves, Grutzendler, & Nishiyama, 2014) .
In contrast, we found that the number of mature oligodendrocytes (CC1+ oligodendrocytes) in the corpus callosum is comparable between normal mice and whisker-removed mice (data not shown);
this discrepancy is likely due to age-related and regional differences between our study and that of Hill et al. (2014) . It is known that differentiation of callosal oligodendrocytes is important for motor skill learning (Gibson et al., 2014; McKenzie et al., 2014; Xiao et al., 2016) . Since our data indicate that oligodendrocytes do not selectively myelinate normal neurons over sensory input-deprived neurons, it is possible that selective myelination of active axons is not critical, but another factor (e.g., myelin sheath length or thickness) is important for motor skill learning.
We found that each oligodendrocyte forms myelin sheaths of similar length regardless of sensory input to the individual neuronal axons. Although we succeeded to observe myelination by a single oligodendrocyte toward axons derived from a particular brain region, only a small fraction of all axons was labeled by AAVs (corpus callosum; 0.6%, Optic chiasm; 2.8%). To further analyze myelination toward a particular class of axons, a more efficient method to analyze oligodendrocyte-neuron interaction should be developed in the future. Recent studies have revealed the role of oligodendrocytes in higher brain functions (Fields et al., 2014; Makinodan, Rosen, Ito, & Corfas, 2012; Scholz, Klein, Behrens, & Johansen-Berg, 2009; . In addition, oligodendrocytes can modulate conduction velocity of axons even after completion of myelination (Gibson et al., 2014; Yamazaki et al., 2007 Yamazaki et al., , 2014 . It is intriguing to speculate that the function of oligodendrocytes possessing longer but fewer myelin sheaths is different from those with shorter but more numerous myelin sheaths, since oligodendrocytes are heterogeneous (Bechler et al., 2015 : Marques et al., 2016 . Further studies are required to reveal the molecular mechanisms and functional consequences of oligodendrocyte morphological changes in oligodendrocytes in response to sensory deprivation. Research Facilities. We thank Dr. Nana Nishio, Dr. Ayako Ishikawa (NIPS) and members of our laboratory for helpful discussions.
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